Abstract-Effective interruption of load currents under both normal and fault conditions presents major challenges in medium-voltage dc distribution systems. In a highly-integrated dc power system, the preponderance of power converters connecting several loads with power ranging from (W) to (MW) levels rises additional concerns about the effects of a dc fault on other loads connected to the same bus or adjacent buses. Equally critical are the interactions between these power converters during the fault isolation and clearance process. In order to address some of these issues, a basic model has been constructed to study the behavior and effects of dc faults in an MVDC power system for an all-electric ship. Results of the analysis are presented.
INTRODUCTION
In electrical power systems fault analysis allows the calculation of currents and voltages during transient events to determine the capacity of various protection devices and assess the dynamic performance of particular architectures, system configurations, or protection schemes. In a large terrestrial power system, the main challenge is to prevent the shutdown of generating units or their disconnection from the power grid during the fault and recovery process in order to avoid potentially catastrophic blackouts. In a highly-integrated power system such as that of a modern electric ship where continuity of service is vital, fault handling mechanisms determine the extent to which power system reconfiguration strategies are possible, with power system reconfiguration being a key property for survivability. Optimum reconfiguration schemes are therefore contingent to an effective fault clearance procedure. Consequently, fault mitigation becomes a major driver in the design of an effective ship dc power system. This paper describes modeling and simulation of faulthandling in a medium-voltage dc distribution system with several inter-connected generating units, power converters, and dc and ac loads. The initial goal of the study is to consider ground and series faults in loads connected to the mediumvoltage dc bus (MVDC bus), the low-voltage dc bus (LVDC bus), and the low-voltage ac bus (450 VAC bus), and determine the effects of the disturbances on other system loads and generator. In this paper, initial results of this study, using a simple but relevant MVDC power system model, are presented. The Matlab/Simulink platform is used in this analysis. Only native Simulink library components are used in the model, i.e. pre-built components from commercial toolboxes are not used here. A discrete solver and a fixed time step of 1 μs are appropriate solution approach for this problem. The prevalent divergence problems associated with large discontinuities are mitigated by using rate limiters at the output of components that exhibit large changes, mainly power converters. These rates limiters force changes to occur over time intervals less than 1μs whenever possible to reduce errors.
The basic model is described in section II. A detailed description of some component models is given in section III. Fault analysis results and discussions are given in section IV and a conclusion in section V.
II. BASIC MODEL
The model represents a simple MVDC architecture. The top level Simulink model is shown in Fig. 1 . The images on the model components are included to clearly indicate their nature. The model includes a medium-voltage dc bus supplied by a conventional generator and a passive rectifier connected through a 3-phase breaker. The MVDC voltage which is determined by the 6.6 kV generator voltage is ~ 9 kV. A 2-MW step-down dc-dc converter supplies a 1000 V dc bus.
This work was supported by a grant from the Office of Naval Research 978-1-4244-3439-8/09/$25.00 ©2009 IEEEA 3-phase inverter, fed from the low voltage dc bus, supplies a 450 VAC, 60 Hz, bus. The model includes a propulsion load which consists of a 36 MW/120 rpm permanent-magnet synchronous motor driven by a PWM inverter. There are eight additional loads with various power levels in the model. Three dc interrupters, which can represent semiconductor dc breakers [4] - [7] , are also included in the model. All power electronics components, except the passive rectifier, are fitted with additional gate signals to selectively turn off the switches when a fault occurs. Finally, a gas turbine was not included in this analysis due to a lack of actual turbine data that are necessary for a credible analysis. In this analysis, the generator is set-up to maintain its output voltage constant through field control. In addition, only a single generator set is considered for simplicity. A gas turbine and a second generator set connected in parallel will be considered in future work.
III. COMPONENT MODELS
Appropriate physics-based models were used to describe the various components in the model. In order to show the level of detail used in this analysis some component models are given explicitly. The propulsion motor is modeled as a synchronous permanent-magnet machine and will not be discussed here. Additional model description and related analysis results can be found in previous publications [1] - [3] . The description of the rectifier model, the generator model, and the step-down converter model follow.
A. Rectifier model
A 6-pulse passive rectifier was used in this analysis. The model, as depicted in Fig. 2 , takes into account the effect of the reactance of the generator to which the rectifier is connected. 
B. Generator model
The generator is a wound-field synchronous machine with main specification as follows: 45 MVA, 3600 rpm, 0.8 PF, and 6. Model equations in the dq representation in terms of voltages, currents, and inductances are shown below, along with the electromagnetic torque and dynamic equations. The relations between voltages and linked fluxes are omitted for simplicity but can easily be deduced from Fig. 3 .
C. DC-DC step-down converter model
The basic topology of the dc-dc step-down converter used in this analysis is shown in Fig. 4 . An LC filter is used at the output of the converter. The duty ratio of the converter is ~ 0.11 which allows a reduction of the voltage down to about 1000 Volts. The corresponding model equations are as follows:
IV. FAULT ANALYSIS
In this work the analysis of faults in the MVDC power system model is conducted by simulating specific scenarios similar to actual faults seen in existing power systems or faults that are anticipated in future power systems with novel architectures. Faults are initiated while the power system is functioning normally and supplying power to various loads. Fig. 6 shows baseline power profiles for all loads with the times they are turned-on during the simulation. Propulsion load is the largest power user and consumes about 6 MW at cruising speed which is assumed here, in relation with the propulsion motor speed, to be about 15 knots. The increasing segment of the propulsion power trace in Fig. 6 corresponds to motor acceleration. Fig. 7 is the propulsion motor speed profile. Some oscillations are present when the motor reaches its operating speed. These do not affect the results of the analyses since the fault scenarios are set-up to occur at time t = 18 s where motor speed is relatively stable. These oscillations are an artifact of the assumed control algorithm.
The other load powers vary from the dc load Z2 at 1 MW to the ac load Z8 at 15 kW as can be seen in Fig. 6 . The corresponding baseline generator output power is shown in Fig. 8 . The three bus voltages at normal operating conditions, i.e. full power consumption and no faults, are shown in Fig. 9 . The sharp drop of voltage in the LVDC bus occurs when power to the 1 MW load (Z2) connected to it is turned-on. This is achieved by closing the dc interrupt 2, depicted in Fig.  1 , which is assumed to be a semiconductor dc breaker and modeled as an on/off resistor with a resistive snubber.
A. Fault in load connected to the MVDC bus
A ground fault in load Z1 occurs at time t = 18 s while the propulsion motor is accelerating towards cruising speed. All other loads are also supplied with their full rated power when the fault occurs. In this exercise the dc interrupt for load Z1 is not activated, intentionally. Instead, the 3-phase ac breaker is turned-off 5 ms after the fault is initiated. The ground fault is simulated by setting the load resistance to a very low value, here 1e-3 times the original value, and by controlling the current rise and fall rates to pre-set values. This procedure influences the results but it allows the possibility to change these parameters in order to simulate practical full or partial ground faults or series faults. In addition, it prevents the occurrence of divergences that were mentioned in the introduction while keeping a reasonable degree of fidelity. Time variations of bus voltages during the fault process are shown in Fig. 10 . In this scenario the main ac breaker was opened thereby causing all loads to lose power, including the propulsion motor which was accelerating when the fault occurred. Fig. 11 shows the response of the propulsion motor current and voltage during the fault. Equally affected by the fault is the generator current which is included in Fig 11. For this particular fault scenario no large increases of voltages are seen during the fault and before or after the breaker is opened. However, it is seen that the LVDC and 450 VAC bus voltages decay more slowly than the MVDC bus voltage. The corresponding decay times are strongly influenced by the rectifier, converter, and inverter filter parameters. This observation indicates that the filters used with power electronics need to be designed carefully as they can be used to mitigate dc faults in MVDC architectures. High power filters are usually undesirable components because they are large, occupy valuable space, and reduce efficiency. However, compromises among size, efficiency, and fault tolerance need to be considered during the design of the power system. Analyses such as this one can help with the design process in specifying component parameters and assessing their effects.
The other aspect of the filters is that they can provide fault current even after the ac breaker is opened. If this current is too large, it can cause ancillary damage. So a design balance must be met between voltage stability and excessive fault current. 
B. Fault in load connected to the LVDC bus
A scenario where a fault occurs in a 1 MW dc load is now considered. Load Z2 (refer to Fig. 1 ), connected to the low voltage bus, is shorted to simulate a ground fault at time t = 18 s. During this time all other loads are fully supplied and the propulsion motor is accelerating. The dc interrupt connecting load Z2 to the low voltage dc bus is opened 5 ms after the ground fault starts. The three bus voltages during the fault are shown in Fig. 12 . This fault scenario corresponds to a sharp drop of a 1MW load from the LVDC bus. As can be seen on Fig. 12 , voltages on all buses initially increase then, gradually, decay towards their rated values. Again, converters' filters connected to the supply buses influence the rise and fall of bus voltages during the fault. Fig. 13 shows currents in three different loads connected to the three buses. Since the loads considered here are resistive, they follow the changes in bus voltages to which they are connected. The sharp initial current seen in load Z2 in which the fault occurs, about twice the nominal value, is also influenced by the parameters of the dc interrupter.
Additional circuit inductance and faster switching times could lead to larger voltage pulses. These transient voltages are important features in the design of insulation systems for the various components. 
C. Fault in propulsion motor
In this analysis, machine models are set-up using the dq representation for the case where the system remains balanced at all times. This condition allows a considerable model simplification by the cancellation of the zero-sequence terms. Consideration of unbalanced faults such as line-to-line shorts or single-phase-to-ground faults require the inclusion of the zero-sequence terms or the use of a different reference frame which results in added complexity to machine models. Response to unbalanced faults is future work.
Two scenarios where a fault occurs in the propulsion motor are now considered. First, a balanced 3-phase ground fault is initiated at time t =18 s then cleared 10 ms later without any other action. Fig. 16 shows bus voltages during the fault. While there is a small increase of the MVDC bus voltage during the fault, the LVDC and the 450 VAC buses are unaffected.
The PWM motor drive plays a positive role in containing the fault within the propulsion motor. However, to ascertain this assertion, a detailed look at the currents and voltages in the components of the motor drive, i.e. switches and diodes, is necessary. These data are actually available in this analysis but require additional efforts to be carefully analyzed, a task to be undertaken in the future.
Currents in loads connected to the three buses are as expected and are shown in Fig. 17 . The propulsion motor voltage and current during the fault are shown in Fig. 18 .
In this fault set-up the motor voltage is requested to maintain its value at 0 V. The propulsion motor phase current oscillates during the fault as can be seen in the middle graph of Fig. 18 . The amplitude of this oscillation is greatly influenced by machine impedance thereby necessitating a good knowledge of machine parameters for meaningful results. In the second scenario a similar balanced-ground fault is applied to the motor windings at time t=18 s but the inverter is shut down 10 ms after the fault start by requesting that all inverter switches remain in blocking states. In this case the motor loses power after the fault but the other loads are still supplied by their respective buses. Fig. 19 shows motor voltage and current, and generator current for this scenario. The generator current drops considerably, and this was expected since the propulsion motor was consuming about half the power when the fault occurred. This fact is illustrated by the generator output power shown in Fig. 20 . This last exercise demonstrates that power converters can be used to mitigate faults in a medium voltage dc distribution system if semiconductor power switches with proper voltage and current ratings as well as switching speeds are available. Similar analyses need to be undertaken using measured data for advanced semiconductor switches to ascertain their effectiveness in mitigating fault events. This analysis, however, is done most economically during component selection as part of a detailed design process.
V. CONCLUSION
In this analysis a model of a dc distribution system, developed in the Matlab/Simulink modeling environment, was used to analyze fault events in a simplified MVDC power system. Several scenarios where considered to demonstrate the potential usefulness of such an approach. Transient currents and voltages during fault events are calculated in system components of interest using correct physics models for various system components. Knowledge of these parameters can have a considerable impact on the design of an effective MVDC power system. In addition, adequately rated semiconductor power switches used in various power converters can, in principle, be used to mitigate fault events in MVDC architecture.
To further improve the usefulness of this approach, the model needs to be expanded by adding a gas turbine and a second generator set, with different power rating, connected in parallel. Furthermore, the model can be modified to allow the analysis of balanced and unbalanced faults.
